Distinct neuronal cell types display phenotypic similarities such as their neurotransmitter identity. Studies in worms and flies have revealed that this phenotypic convergence can be brought about by distinct transcription factors regulating the same effector genes in different neuron types.
The phenotypic properties of the very diverse sets of neuronal cell types in an adult nervous system are encoded by the expression of neuron type-specific gene batteries. These 'nuts and bolts' genes, often referred to as terminal effector genes, code for neurotransmittersynthesizing enzymes or transporters, neuropeptides, ion channels that set the resting potential of a neuron, metabotropic or ionotropic neurotransmitter receptors and many other proteins that define the structural and functional properties of a neuron [1] . What seems at first sight non-intuitive about such terminal identity features is the lack of specificity of each individual component of a given neuron typespecific terminal gene battery. Meaning, with some extremely rare exceptions (mostly sensory receptors that perceive specific sensory modalities), there is generally no such thing as a terminal effector gene that is uniquely expressed in one neuron type, but not in any other neuron type. Consider neurotransmitter identity as an example: Very distinct neuron types utilize the same neurotransmitter system; that is, the same enzymes and transporters dedicated to a specific neurotransmitter system are expressed in multiple different neuron types. If most genes are expressed in several distinct neuron types, how is the astounding phenotypic complexity in the nervous system encoded? As illustrated in Figure 1A , the answer lies in unique combinatorial patterns of gene expression, i.e., the neuron type-specific combinatorial expression of terminal effector genes defines unique phenotypic properties. Through such combinatorial coding, an almost infinite complexity of gene expression profiles and hence neuronal phenotypes can be generated, at least in theory. A recent study in Cell by Konstantinides et al. [2] defines such combinatorial profiles and further advances our understanding of the molecular mechanisms that control neuron type-specific terminal features, such as neurotransmitter identity.
The question of how the expression of neuron type-specific gene batteries is genetically specified has traditionally been addressed in many different organisms and several different parts of the nervous system in what one could call a 'cell-centric' approach: phenotypic features (both anatomical and molecular) of specific neuron types were studied by researchers interested in specific regions or cell types of the nervous system and transcription factors were identified that control these specific features. Another much more rarely taken approach to this problem isolates a specific phenotypic feature, e.g. neurotransmitter identity, and asks how this specific feature is induced in distinct cell types, e.g., how the genes coding for enzymes and transporters dedicated to a specific neurotransmitter system are expressed in distinct neuron types. Such a 'gene-centric' approach inherently has a systems-wide perspective; this perspective has been used in simple model systems, such as Caenorhabditis elegans in which a limited number of neuron types (118 based on anatomical and now also molecular criteria [3, 4] ) allowed one to comprehensively address how, for example, neurotransmitter identity is controlled in distinct neuron types [5] [6] [7] [8] . However, the mechanisms that control neurotransmitter identity in more complex nervous systems remain poorly understood to date.
The recent study by Konstantinides et al. has now illuminated such mechanisms in the fly nervous system, employing an impressive set of experimental and computational tools [2] . The authors focused on the optic lobe of the fly consisting of 70,000 cells that are thought to fall into more than 100 distinct cell types, as determined by past painstaking anatomical analyses [2, 9] . A unique feature of this present study is the combination of a comprehensive cell-centric approach to molecularly define dozens of neuron types in the optic lobe with a gene-centric approach to uncover the mechanisms controlling neurotransmitter identity in subsets of these neurons.
Following the RNA sequencing of 55,000 single cells, the authors recovered 52 molecularly distinct populations of cells. This is less than the over 100 anatomically distinct neuron types in the fly optic lobe, which could be a reflection of there being only subtle, hard-to-capture molecular differences between anatomically distinct classes. Indeed, another intriguing recent single cell RNA sequencing paper of the fly olfactory system revealed that molecular differences between neuron classes may diminish after neuronal maturation [10] . In any case, Konstantinides et al. were able to map many of their transcriptome clusters to previously described neuron types in the optic lobe by combining their single cell data with bulk sequencing data of molecularly marked homogenous populations of individual types (isolated through fluorescence activated cell sorting, FACS) [2] . The availability of both bulk transcriptomes and less deeply In the case of C. elegans, such direct binding has been shown via functional dissection of cis-regulatory motifs in neurotransmitter pathway genes [11, 19] . A similar mode of regulation has been demonstrated for glutamatergic (VGluT) and GABAergic (GAD) neuron types in both fly [2] and worm [5] [6] [7] [8] 
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Dispatches sequenced single-cell transcriptomes from the same brain structure offers numerous advantages. Apart from an easier assignment of single cell transcriptomes to anatomically and positionally defined neuron types, an inherent benefit of such comparisons lies in the ability to potentially dissect molecular heterogeneity among closely related neuron types. This is nicely illustrated not only by Konstantinides et al., but also by another recent study by Davis et al. [11] that bulk-sequenced many different molecularly labeled fly brain neurons, including many from the fly optic lobe. Many of the transcriptomes defined by Davis et al. [11] were in accordance with the results presented by Konstantinides et al., but there were also a few discordances, suggesting additional levels of neuronal diversity that remain to be further investigated, or technical limitations specific to each study. In any case, these two studies, combined with other recent molecular classification efforts employing single-cell RNA sequencing in the olfactory system [10] , the midbrain [12] or entire brain [13] of Drosophila are the first important steps toward building a comprehensive molecular atlas of the fly brain. The approach of cataloguing neuron types and subtypes, a necessary prerequisite to understanding development and function of the brain [14] , is now broadly used in many different parts of more complex nervous systems as well, thereby continuing and providing entirely new dimensions to Ramon y Cajal's monumental, trail-blazing neuron classification efforts [15] . What sets the Konstantinides et al. study apart from classic and modern cataloguing approaches is the attempt by the authors to understand how phenotypic featuresdefined by the neuron type-specific molecular profiles -are genetically specified. To this end, the authors focused on transcription factor expression profiles uncovered by their single-cell sequencing analysis. Using a random forest model, they identified the transcription factors that best correlated with the expression of specific effector genes, focusing specifically on neurotransmitter pathway genes (e.g., ChAT, VGluT, GAD) that define the neurotransmitter identity of a cell. The authors then went on to validate some of these specific predictions using genetic loss of function analysis. The picture emerging from this gene-centric analysis is schematized in Figure 1B : the same phenotypic feature (e.g. cholinergic neurotransmitter identity) is controlled by distinct sets of transcription factors in distinct neuron types [2] . Konstantinides et al. reported similar findings for the regulation of glutamatergic and GABAergic identity. Some of these transcription factors were also identified by Davis et al., further highlighting the complementarity between single-cell and bulk RNA sequencing approaches. These findings are in striking accordance to previous studies in C. elegans focusing on the regulation of neurotransmitter identity (also schematized in Figure 1B ) [5] [6] [7] [8] , thereby explicitly demonstrating that key principles of neuronal identity specification are conserved across species ( Figure 1B) .
Similar regulatory principles are likely to operate in vertebrates as well. For example, it has already been demonstrated that distinct types of GABAergic neurons in the vertebrate CNS are specified by distinct transcriptional regulatory mechanisms [16] . However, both in vertebrates and flies, one important mechanistic aspect requires further investigation: at which precise point within a gene regulatory network do distinct transcription factors 'converge' to control expression of the same phenotypic trait in different neuron types? In other words, at which precise point does phenotypic convergence occur? In C. elegans, this convergence occurs directly on the level of the cis-regulatory control regions of effector genes; i.e. the effector genes themselves directly integrate transcriptional inputs via modular arrays of cis-regulatory elements, which constitute binding sites for distinct, neuron-type-specific transcription factor combinations [5, 8] ( Figure 1B) . In flies and vertebrates, it is often not clear whether the transcription factors required to dictate a specific neurotransmitter identity directly control neurotransmitter pathway genes, or operate via intermediary factors. In theory, such intermediary factors that specify a common phenotypic trait could be the same in distinct neuron types and therefore such factors may be the point of phenotypic convergence.
In the field of evolutionary biology, phenotypic convergence has been defined as the independent evolution of similar traits in different organisms [17] . Konstantinides et al. introduce the term 'phenotypic convergence' for the control of shared neuronal identity features and provide an interesting fresh perspective into the question of how neuronal identity is specified and how it may have evolved, i.e., through the use of distinct transcription factors controlling the same phenotypic trait in different neuron types. This terminology also illustrates the shear complexity of the problem. As illustrated in Figure 1A , most molecular identity features of a specific neuron type are shared by some other neuron type elsewhere in the nervous system (i.e., as mentioned earlier, few genes are expressed exclusively in one neuron type and nowhere else). Take the expression of a neuropeptide receptor, which makes a neuron responsive to a secreted and widely diffusible neuropeptide. This responsiveness is an important phenotypic trait of a neuron. Many known neuropeptide receptors are expressed in distinct neuron types in invertebrate and vertebrate nervous systems [18] . And indeed the detailed expression pattern analysis of neuropeptide receptor expression in C. elegans, as well as the analysis of factors regulating neuropeptide receptors, has shown that they are regulated by distinct means in distinct neuron types [19, 20] , providing yet another example of phenotypic convergence. Phenotypic convergence is hence almost guaranteed to be a general phenomenon applicable to most genes and most regulatory mechanisms in a nervous system.
